tRNA genes are interspersed throughout eukaryotic DNA, contributing to genome architecture and evolution in addition to translation of the transcriptome. Codon use correlates with tRNA gene copy number in noncomplex organisms including yeasts. Synonymous codons impact translation with various outcomes, dependent on relative tRNA abundances. Availability of wholegenome sequences allowed us to examine tRNA gene copy number variation (tgCNV) and codon use in four Schizosaccharomyces species and Saccharomyces cerevisiae. tRNA gene numbers vary from 171 to 322 in the four Schizosaccharomyces despite very high similarity in other features of their genomes. In addition, we performed whole-genome sequencing of several related laboratory strains of Schizosaccharomyces pombe and found tgCNV at a cluster of tRNA genes. We examined for the first time effects of wobble rules on correlation of tRNA gene number and codon use and showed improvement for S. cerevisiae and three of the Schizosaccharomyces species. In contrast, correlation in Schizosaccharomyces japonicus is poor due to markedly divergent tRNA gene content, and much worsened by the wobble rules. In japonicus, some tRNA iso-acceptor genes are absent and others are greatly reduced relative to the other yeasts, while genes for synonymous wobble iso-acceptors are amplified, indicating wobble use not apparent in any other eukaryote. We identified a subset of japonicus-specific wobbles that improves correlation of codon use and tRNA gene content in japonicus. We conclude that tgCNV is high among Schizo species and occurs in related laboratory strains of S. pombe (and expectedly other species), and tRNAome-codon analyses can provide insight into species-specific wobble decoding.
INTRODUCTION
tRNA gene copy number is of interest to genome biologists (Wood et al. 2002; Bowen et al. 2003; Dujon et al. 2004; Marck et al. 2006; Higgs and Ran 2008; Rogers et al. 2010; Lowe 2011 ) because of potential match to codon usage by the transcriptome (Higgs and Ran 2008) and because tRNA genes affect nuclear and genome organization (Wang et al. 2005 ; for review, see McFarlane and Whitehall 2009; Iwasaki et al. 2010; Nguyen et al. 2010) . tRNA gene content can vary much among species, both in number and distribution of iso-acceptors (Sharp et al. 1988; Chan and Lowe 2009) . It is common for several highly used codons to have no tRNA that can engage in exact Watson:Crick codon: anticodon pairing (Chan and Lowe 2009 ). Instead, nearcognate tRNAs are used, involving a complex set of determinants that depend on a variety of tRNA modifications that occur mostly on wobble base U34 (Agris et al. 2007; Johansson et al. 2008) .
tRNA gene copy number correlates generally well with codon use in some species (Dong et al. 1996; Berg and Kurland 1997; Percudani et al. 1997; Duret 2000; see Plotkin and Kudla 2011) . Although codon bias may reflect differently in different species, that which is most clearly supported is correlation with translation efficiency of mRNAs (Sharp et al. 1986; Sorensen et al. 1989; Plotkin and Kudla 2011) . Synonymous codon use can have other outcomes; rare codons can create a translational pause that allows for nascent protein folding (Purvis et al. 1987; Cortazzo et al. 2002) , in some cases with a phenotype (Kimchi-Sarfaty et al. 2007) , and abundance of rare codons can negatively affect 3 expression (Jansen et al. 2003; Letzring et al. 2010 ). These observations indicate that the genetic code contains information beyond polypeptide sequence, dependent on match of codon use and cognate tRNA levels. Links between tRNA levels and phenotype attributed to codon-matched mRNAs have emerged (Begley et al. 2007; Pavon-Eternod et al. 2009 ).
tRNAs may be dynamic in specific activity as well as accumulation levels. An advance in this area was the discovery that the wobble U34 modification enzyme Trm9 controls codon-specific decoding of functionally related mRNAs (Begley et al. 2007 ). These mRNAs are ''keyed'' to Trm9 because they are enriched in codons decoded by tRNA substrates of Trm9 but specifically lack synonymous codons whose tRNAs are not substrates of Trm9 (Begley et al. 2007; Maraia et al. 2008 ). This suggests an additional layer of information in the genetic code that can be deciphered through coordination of synonymous codon use and wobble decoding (Begley et al. 2007 ). However, while advances in understanding wobble decoding have been forthcoming, deciphering the rules is ongoing (Munz et al. 1981; Agris et al. 2007) , and the catalog of biologically used wobble pairs remains incomplete. Johansson et al. (2008) advanced this by working out wobble pairs in Saccharomyces cerevisiae for tRNAs whose U34 is modified by one or more modification enzymes.
By developing algorithms to derive gene copy number information from whole-genome Illumina sequencing, we found a tRNA gene duplication as the phenotypic mutation in spontaneous mutants of Schizosaccharomyces pombe (Iben et al. 2011) . Ninety percent of these mutants had gained one or more copies of the tRNA gene (Iben et al. 2011) . Recent genome assemblies from Illumina sequence data for four Schizosaccharomyces (Schizo) species were analyzed for protein-coding sequences, transposons, mating, and metabolism as well as genome and chromosome structure (Rhind et al. 2011 ), but not their tRNAomes. Here we report analysis of the data for tRNA gene copy number variation (tgCNV) and codon use including S. cerevisiae for comparison. tRNA gene numbers vary from 171 to 322 among the Schizosaccharomyces, despite similar genome size.
In addition, we subjected multiple laboratory strains of S. pombe to whole-genome sequencing and compared their tRNA gene content. Copy number variation (CNV) was detected for a tRNA gene cluster in laboratory strains separated for 15 yr, indicating that tRNA gene amplification may be more prevalent than appreciated.
We generated codon use tables and analyzed them for correlation with tRNA gene number for each of the four Schizosaccharomyces yeast species as well as S. cerevisiae sequenced the same way. We show that applying wobble rules significantly improves correlation of tRNA gene number and codon use in S. cerevisiae and three of the Schizosaccharomyces species but severely worsens it for the other, Schizosaccharomyces japonicus. Close examination reveals that the tRNA Ala AGC iso-acceptor gene is absent in japonicus but numerous (nine to 15 copies) in all of the other yeast as well as all of the 77 other eukaryotic species for which tRNA gene content had been predicted by the same algorithm used here, tRNAscan-SE (Lowe and Eddy 1997) . The absence of tRNA Ala AGC in japonicus is not accompanied by lower usage of the cognate GCU codon but is accompanied by multifold amplification of tRNA Ala UGC relative to the other yeasts. This led to the proposal that GCU codons must rely on wobble decoding by tRNA Ala UGC in japonicus, an unnecessary wobble in S. cerevisiae and the other Schizosaccharomyces species. This tRNA anticodon: codon pair had not been previously proposed for any eukaryote. Further examination also suggested additional anticodon:codon wobble pairs in japonicus that are not used by S. cerevisiae or the other Schizosaccharomyces yeasts.
RESULTS

tRNA gene copy numbers vary markedly among Schizosaccharomyces species
Genomic sequence from each of the four Schizo genome constructions was obtained from the Broad Institute (Rhind et al. 2011 ) in addition to S. cerevisiae. tRNA gene counts were predicted using tRNAscan-SE (Lowe and Eddy 1997) to be 171, 249, 322, and 278 for Sz. pombe, Schizosaccharomyces cryophilus, Sz. japonicus, and Schizosaccharomyces octosporus, respectively, and compared with existing data from other eukaryotes, reflecting tgCNV with no correlation to genome size (Table 1 ). All of the tRNA genes in the five yeasts analyzed here are shown in Table 2 . Despite variation in number, each tRNA gene family showed a very high degree of sequence identity within each yeast species (data not shown) (Amstutz et al. 1985 ). An initial survey revealed japonicus as unusual because some of its tRNA iso-acceptors were at relatively low or null copy number ( We previously found twofold to fourfold increases in the copy number of a suppressor-tRNA Ser UCA gene in spontaneous mutants of Sz. pombe selected via a genetic screen (Iben et al. 2011) . The selected phenotype required that mutants overcome an insufficiency of suppressor-tRNA Ser UCA in cells bearing a debilitated allele of La (sla1 + ), which normally protects nascent precursor-tRNAs from 39-mediated decay, thereby promoting pre-tRNA stability, processing, and folding. Although we expected to obtain mutants in a pre-tRNA decay pathway, instead the tRNA Ser UCA insufficiency was overcome by increases in the number of tRNA Ser UCA genes (Iben et al. 2011) . tRNA mutants had been isolated from La-deleted S. cerevisiae (lhp1-D) cells previously, although as point mutations that impair structure Chakshusmathi et al. 2003) rather than tRNA gene duplications.
The high degree of tgCNV observed among the four Schizo species suggested that tgCNV may be apparent in different strains of a species even in the absence of apparent selection. We therefore subjected several strains of Sz. pombe to wholegenome sequencing in parallel, including the reference strain 972h-designated yFS101, which was separated from our oldest laboratory strain, yAS99, by z12 yr. We found a significant 23 difference between FS101 and our strains in the number of sequence reads for six of the 171 tRNA genes (Fig. 1) .
The five strains from our laboratory are represented in Figure 1A , derived from each other beginning from z14 yr ago; they show no significant tgCNV at the loci containing the 171 annotated tRNA genes in the reference Sz. pombe genome and as predicted by tRNAscan-SE. Additional whole-genome sequencing of seven other strains isolated in our laboratory as mutants from different screens also showed no significant CNV in any of the 171 tRNA genes (data not shown). In contrast, parallel sequencing of yFS101 revealed several tRNA loci with 13-23 increase in tRNA sequence read density in our strains relative to yFS101 (Fig. 1B) .
Initial mapping was performed such that reads were allowed to map randomly among multiple copies of identical tRNA genes. Arg(ACG), Glu(TTC), Ile(AAT), Asp(GTC), Ala(AGC), and Val(AAC) each showed increased read density, in some cases distributed unequally across multiple identical tRNA loci (asterisks in Fig. 1B ). The sums of these read densities (Fig. 1B, asterisks) produced additional increases for Ala(AGC) and Val(AAC) genes. This suggested amplification of specific Ala(AGC) and Val(AAC) loci even though the mapping randomly distributed over other identical tRNA sequences. To address this, we performed tRNAindependent read scanning that identified specific regions of increased read density that was then cross-referenced with our map of increased tRNAs. This produced an additive total increased density of +23 for each of six tRNAs (Fig.  1C) and also informed us of the loci that had undergone amplification. These data indicate that our strains contain 12 more tRNAs genes than yFS101, and as described below, these appear as two amplifications of a cluster of six tRNA genes.
Furthermore, analysis of the paired-end reads that mapped to the tRNAs indicated that some extended into unique flanking DNA. From these and the context-insensitive increased read densities was formed a simple assembly that identified a contiguous DNA of 2.6 kb containing all six of the amplified tRNA genes and no protein-coding gene on chromosome 2 (position 1617800-1619300). Querying the nonrandom nucleotide sequence database using BLAST revealed a 2.3-kb fragment with 99% identity to ''centromere cen2 tRNA cluster, B-repeat region-5'' as reported by Carbon and colleagues (Kuhn et al. 1991) . Thus, we believe that the amplification of these six tRNA genes likely occurred as an event reflecting the recombination potential of tRNA genes (Pratt-Hyatt et al. 2006 ; for review, see McFarlane and Whitehall 2009; Iwasaki et al. 2010) .
tRNA anticodon distribution is similar in the genomes of the Schizo species except for japonicus but all share similar codon usage Sz. pombe has the lowest and Sz. japonicus the highest number of tRNA genes among the Schizo species. It is thus notable that for the tRNA genes amplified in our Sz. pombe strains relative to yFS101, their increase trends toward the higher copy numbers in Sz. cryophilus and Sz. octosporus, while their copy numbers are markedly lower in Sz. japonicus (Table 3 ). This further suggested that japonicus is distinct among the other Schizos in the copy number distribution of its tRNA genes.
The fractions of tRNA genes with the same anticodon shows good correlation in all comparisons of Sz. pombe, Sz. cryophilus, Sz. octosporus, and S. cerevisiae, whereas Sz. japonicus shows poor correlation with all others ( Fig. 2A ; Table 4A ). However, the codon use rates predicted from the proteomes ( Table 2 ; Rhind et al. 2011) were similar for all of the yeasts examined including Sz. japonicus (Table 4B) .
We derived a phylogenetic tree based on the 18S rRNA sequences of the four Schizo species (Fig. 2B ) that bears a general resemblance to the tree based on 440 core proteincoding genes (see Fig. 1A in Rhind et al. 2011) . A phylogenetic tree based on the fractional content of tRNA genes ( Fig.  2A ; Table 4A ) places Sz. japonicus significantly more distant Genome sizes alongside predicted tRNA counts for yeasts (Rhind et al. 2011 ) and other species (Chan and Lowe 2009 ) demonstrate wide variability. tRNA counts for Schizosaccharomyces were determined using tRNA-scan software (Lowe and Eddy 1997) . from the other three Schizos (Fig. 2C) . This supports the idea that the japonicus tRNAome has diverged from the other Schizo species more so than other components of their genomes.
Codon use correlates with tRNA gene number in the Schizo species except japonicus It was expected that codon use by the proteome of each species would correlate with tRNA gene counts (Grosjean and Fiers 1982; Sharp et al. 1988) . Correlation was lowest for japonicus (Table 5 ; Fig. 3A ). Constitutive highly expressed yeast genes reflect optimization of codon use, whereas conditionally active genes, notably transcription factors, exhibit less optimized codon use (Sharp et al. 1986; Percudani et al. 1997) . We found that the correlations were higher for the ribosomal proteins than the transcription factors in all of the Schizo species except japonicus, which showed a striking opposite trend ( Fig. 3A-C ; Table 5A ).
Toward attempts to gain insight into this apparent discrepancy in japonicus, codon use rates were recalculated after elimination of highly codon-biased genes (statistical outliers) (Materials and Methods). By this approach, variance would be reduced and the resulting rates would more closely reflect baseline average; this yielded 90% of the original proteome, from which a set of bias-minimized codon use rates was derived. However, these rates did not improve the correlation of tRNA gene count and codon use for japonicus (data not shown).
Incorporation of S. cerevisiae wobble use increases correlation of tRNA gene count and codon usage in all of the yeasts examined except japonicus in which it decreases To our knowledge wobble rules had not been applied to correlations of tRNA gene number and codon use. By previous approaches, codons and cognate iso-acceptors were grouped without parsing wobble pairs (Percudani et al. 1997; Duret 2000) . We used the wobble pairs determined for S. cerevisiae (Johansson et al. 2008 ) to partition synonymous codons ( Fig. 4 ; Table 5B ). Reassuringly, parsing the wobble pairs (Johansson et al. 2008 ) improved correlation in S. cerevisiae for total proteome, ribosome proteins, and transcription factors (cf. Fig. 3 with Fig. 4A-C ; Table 5 ). The wobbles also increased correlation for Sz. pombe, Sz. cryophilus, and Sz. octosporus with robustness similar to cerevisiae, but not japonicus, in which it was much decreased in all three protein groups ( Fig. 4 ; Table 5 ).
Negative effects of wobble rules on the correlation of codon use and tRNA gene numbers might be from two sources: (1) japonicus relies to a significant degree on wobbles not apparent in S. cerevisiae; and (2) a significant fraction of japonicus tRNA genes may be hypoactive for producing functional tRNA. The latter led us to examine the data for sequence evidence of low promoter and/or terminator activity, and/or poor secondary structure in a subset(s) of tRNAs that would contribute to the discordance of tRNA gene counts and codon use in japonicus. Sz. japonicus tRNA promoter sequences do not reveal an inactive subset(s)
We examined all of the predicted tRNA sequences in japonicus, in comparison with all of those in the other species, both by sequence alignment (data not shown) and sequence Logo (Fig. 5A,B) , the latter of which reflects the information content of each consensus position (Schneider and Stephens 1990) . While the tRNA genes of many eukaryotes rely only on internal A-and B-box promoter elements for transcription by RNA polymerase (Pol) III, those of Sz. pombe and some other species including plants also use an upstream TATA-box (Hamada et al. 2001) . Widespread presence of the Sz. pombe TATA-box was correlated with decreased occurrence of an otherwise conserved G at position 3 of the A-box, as compared with S. cerevisiae and human (Hamada et al. 2001) . Sz. japonicus tRNAs exhibit less prevalence at A-box position 3 than Sz. pombe and the other Schizo species, and this was not accompanied by higher prevalence of TATA (Fig. 5A,B) . Parsing of promoter sequences did not lead to a tRNA set that when removed from the gene counts increased correlation with codon use (data not shown).
We also considered the possibility that tRNA-ScanSE may have somehow failed to detect tRNA Ala AGC genes in japonicus. We performed two BLAST searches using tRNA Ala AGC sequence in the other Schizos, which are all identical (data not shown). Our searches used sequence positions 1-38 and 39-72, each significantly longer than the A-and B-box promoters that are searched for by tRNAScanSE. Our searches found no homologous sequences in the japonicus sequence database (data not shown). , our laboratory strains demonstrate consistent variation, showing increased read depth coverage at the loci containing the highlighted tRNA genes. For each strain, the average read depth was z200-fold with genome-wide uniform coverage (data not shown). The Arg(ACG), Glu(TTC), Ile(AAT), Asp(GTC), Ala(AGC), and Val(AAC) each show consistent increased read density, in some cases distributed across multiple identical loci (asterisks), which sum up to be +13-23 average. (C) tRNA gene copy number in our laboratory strains relative to FS101 calculated from sequence read coverage in a manner different from and confirming B above, displayed for each of the 45 anticodon families in S. pombe.
Comparative
Sz. japonicus tRNA terminators exhibit distinct oligo(dT) profile but this does not contribute to discordance of tRNA gene number and codon use RNA polymerase III terminates transcription upon encountering an oligo(dT) terminator found at the 39 ends of tRNA genes. The 39 oligo(dT) is represented in nascent pre-tRNAs as 39 terminal oligo(U), which serves as a sequence-specific and length-dependent binding site for the La protein. Since 39 terminal oligo(U) length can be a determinant of pre-tRNA stability and maturation (Huang et al. 2005 ; for review, see Maraia and Lamichhane 2011) , terminator length could conceivably affect tRNA levels. We examined tRNA terminator lengths, comparing the four Schizo species, as well as S. cerevisiae and Homo sapiens (Fig. 5C) . It is important to note for this purpose that four, five, and six consecutive dTs represent minimal efficient Pol III terminators in human, Sz. pombe, and S. cerevisiae, respectively (Hamada et al. 2000) , as also reflected by genome profiles (Braglia et al. 2005) . Notably, the tRNAome profile of oligo(dT) length in japonicus was distinct from the other Schizo species in three characteristics-width, position, and a relatively high fraction of genes with four T's (Fig. 5C ). However, while the Sz. japonicus profile is interesting in its own right, attempts to partition japonicus tRNA genes according to oligo(dT) length did not improve correlation of codon use and gene number, and in some cases eliminated entire iso-acceptor groups (data not shown). The copy numbers of these tRNA genes are also shown for the other Schizosaccharomyces species from Table 2 . 
Predicted secondary structure does not reveal potential unstable subset of japonicus tRNAs
Another possible explanation of the apparent discordance of tRNA gene number and codon use in japonicus was that some tRNAs may be unstable due to poor secondary structure. To address this, the Cove scores from tRNAscan-SE, which incorporate secondary structure information, were filtered using a sliding cutoff. However, correlation of tRNA gene number and codon use was not improved regardless of the stringency (data not shown). Thus, the possibility that a significant subset(s) of japonicus tRNA genes is deficient for transcription or accumulation could not be supported by analyses of the tRNA sequences themselves.
Conservation of tRNA wobble base modification enzymes among the Schizo species
Worsening of the correlation of codon use and tRNA gene number by incorporation of wobble rules suggested that japonicus uses wobbles not used by other yeasts and/or vice versa. We compared the known yeast tRNA wobble base modification enzymes of S. cerevisiae for homologs in the Schizo species (Chan et al. 2010; Phizicky and Hopper 2010) . We found homologs in all of the species with no obvious variance in homology (data not shown). We next examined the distribution of tRNA iso-acceptors for evidence of wobble use by japonicus that would not be apparent from the known S. cerevisiae wobbles (Johansson et al. 2008 ).
Informatics evidence that S. japonicus uses tRNA Ala UGC to wobble decode GCU Alanine is encoded by four codons, of which the most abundant in yeasts is GCU, which is decoded by tRNA Ala AGC, the most numerous of the Ala tRNA genes in the yeasts, with the striking exception of japonicus, which has none (Table 2) .
Despite this, usage rates among Ala codons is similar in japonicus to the other yeasts, with GCU used most. This raises the question of how GCU codons are decoded in japonicus. Although there are three genes for tRNA Ala CGC, C34 does not decode a wobble U and cannot be used for GCU codons (Agris et al. 2007 ). As in the other yeasts, there is no tRNA Ala GGC in japonicus (Table 2 ). This leaves tRNA Ala UGC as the only tRNA to decode GCU codons in japonicus. Consistent with this expectation and absence of tRNA Ala AGC, the tRNA Ala UGC gene was found multifold amplified in japonicus relative to the other yeasts ( Table 2) .
The second most plausible wobble in japonicus that is not apparent in S. cerevisiae involves tRNA Ser UGA, which is highly amplified relative to the other yeasts (Table 2 ). In contrast, tRNA Ser AGA is normally the most abundant of the tRNA Ser 's in the other yeasts (seven to 11 copies) but only one copy in japonicus (Table 2) . Despite this disparity, UCU is the most abundant serine codon in all of the species examined, including japonicus (Table 1) . This leads to the proposal that tRNA Ser UGA decodes UCU codons in japonicus, while this wobble is unnecessary in S. cerevisiae (Johansson et al. 2008) . It is noteworthy that for both tRNA Ser UGA and tRNA Ala -UGC, the proposed wobble involves U34.
japonicus wobbles partially improve correlation of tRNA gene counts and codons Using the wobble pairs determined for S. cerevisiae led to improvement in the correlation of tRNA gene counts and codon usage in all yeasts examined except japonicus, in which it was drastically worsened (Figs. 3, 4 ; Table 5 ). We reasoned that if the wobbles proposed for japonicus were actually used, parsing the appropriate synonymous codons might increase the correlation with tRNA gene count more so than do the S. cerevisiae rules. A more thorough examination of japonicus tRNAs for imbalances of iso-acceptors relative to other yeasts uncovered tRNA Val UAC as wobble This information was used to adjust the S. cerevisiae wobble rules for Sz. japonicus (Johansson et al. 2008 ) (Materials and Methods). Application of these modified rules, referred to as Sj-adjusted rules, significantly increased the correlation of tRNA gene copy number and codon use for all three protein-coding groups in Sz. japonicus but less so for FIGURE 3. Correlation of tRNA gene number and codon usage improves by partitioning highly expressed genes (ribosomal proteins) in the yeasts except Schizosaccharomyces japonicus. The number of tRNA genes represented as a fraction of the total for each amino acid was plotted against usage rate calculated for (A) the total proteome, (B) ribosomal proteins, and (C) transcription factors for the three yeast species shown, with Pearson correlation coefficients shown. Pearson correlation coefficients were calculated for each of the five yeasts in Table 4 . Strong correlations are seen with the exception of Sz. japonicus. the other yeasts (Fig. 6 ). In Table 6 are the individual changes to correlation values for each genome for each of the four new tRNA donors (SerTGA, AlaTGC, GlyTCC, and ValTAC) separately. Each of these improved japonicus correlation individually. Table 6 also shows the difference for each of the four donors relative to the total change in correlation from the cerevisiae rules (Sj-rules and Difference, respectively). That the improvement with Sj rules was significant but only partial suggests that there may be other wobble rules that we have not tried to account for or speculate about here. Nonetheless, partial improvement should not detract from the fact that the wobble rules that we have elucidated do, indeed, improve the correlation. The data support the idea that the tRNAome of Sz. japonicus has evolved to rely on a subset of wobbles unnecessary in the other yeasts.
DISCUSSION
Four conclusions can be derived from this work: (1) There has been a significant amount of tRNA gene copy number variation (tgCNV) in the genomes of the four Schizosaccharomyces species investigated here. (2) We found signif-FIGURE 4. Correlation of tRNA gene numbers and codon usage improves by parsing wobble pairs in the yeasts except Sz. japonicus. The number of tRNA genes represented as a fraction of the total was plotted against usage rate but parsing codons and isoacceptors for tRNA wobble, calculated for (A) the total proteome, (B) ribosomal proteins, and (C) transcription factors for the three yeast species shown, with Pearson correlation coefficients shown. Pearson correlation coefficients were calculated for each of the five yeasts in Table 4 . Strong correlations are seen with the exception of Sz. japonicus.
icant tgCNV in different laboratory strains of S. pombe. (3) The tRNAome of Sz. japonicus has been most divergent among the Schizosaccharomyces species in iso-acceptor constitution, discordance with codon use rates, and oligo(dT) terminator length. (4) Comparative tRNAome analyses indicate use of a tRNA anticodon:codon wobble pair in Sz. japonicus for which there has been no prior evidence in a eukaryote. Although wobble decoding of GCU codons by tRNA Ala UGC is consistent with wobble rules involving U34 (Agris et al. 2007) , to our knowledge there has not been biological evidence for use of this pair. This wobble is not readily apparent in S. cerevisiae, which has an abundance of an tRNA Ala AGC to decode the GCU codon. A similar argument can be made for tRNA Ser UGA to decode UCU codons.
The tgCNV found between our Sz. pombe strains and yFS101 involves a cluster of six tRNA genes near the centromere of chromosome 2 (Kuhn et al. 1991) , apparently amplified twice, leading to 12 more tRNA genes in our strains relative to yFS101 (Table 3) .
Analysis of all of the 77 eukaryotic genomes for which all tRNA genes were predicted using tRNAscan-SE available on the tRNA gene database reveal none that lacks a gene for tRNA Ala AGC, although absence of a tRNA Ala AGC gene is exceedingly common in archaea and Eubacteria (Chan and Lowe 2009; Lowe 2011) .
Our strongest and most clear data suggest that U:U wobble is for tRNA Ala UGC in japonicus. For SerUGA and ValUAC, there is a possibility that another tRNA for Ser or Val, with A at position 34, may contribute to decoding following A-to-I editing, although for tRNA Ala UGC and tRNA Gly UCC, A-to-I editing cannot apply since there is no tRNA gene with A in the 34 position.
The wobble base uridines of tRNAs are decorated with a variety of complex modifications whose precise chemical composition can either restrict or extend wobble capability, including pairing with U in the codon wobble position (Agris et al. 2007) . The data uncovered lead us to propose that tRNA Ala UGC, tRNA Ser UGA, (Johansson et al. 2008) . It is possible for unmodified U:U base pairs to form with significant stability although unmodified U:U wobble pairing in the ribosome had not been observed (for review, see Yokoyama and Nishimura 1995; Agris et al. 2007) . It is therefore notable that recent evidence indicates U:U wobble decoding of CCU by tRNA Pro ncm 5 UGG (Johansson et al. 2008) . Moreover, the ability of tRNA Pro UGG to decode CCU occurred even in the elp3D strain, which lacks the ncm 5 U34-modification (Johansson et al. 2008 -modified U34 may support decoding of GCU codons. Unfortunately, Sz. japonicus has only recently attracted attention as a model system with very few tools available for manipulation, and it is beyond our present means to determine which if any modifications affect the ability of tRNA Ala UGC to decode GCU. The U:U wobble pair of tRNA Pro UGG and CCU codon observed in S. cerevisiae supports the idea that U:U wobbles also occur in S. japonicus as the most likely mechanism of compensating for loss of tRNA Ala AGC with no change in GCU codon use. We should also consider other compensatory mechanisms, such as RNA editing, although this seems less likely. Since we have used genomic DNA sequence for this analysis, it is possible that some japonicus tRNAs are edited. A-to-I, and C-to-U editing has been observed at wobble positions of tRNAs, but not editing of U (pseudouridylation, considered a modification, would not resolve the U:U wobble issue) (Paris et al. 2011) . Thus if amplified tRNA Ala UGC genes in japonicus compensate for loss of tRNA Ala AGC by a mechanism that does not involve U:U wobble, one may imagine U34 editing to A, G, or I, although such editing has not been observed (Paris et al. 2011) . Alternatively, RNA editing of GCU codons in mRNA may occur, although more unlikely as GCU codons occur on a transcriptome-wide scale.
It is intriguing that Sz. japonicus has diverged from the other yeasts to the degree that it has in its tRNA gene distribution and apparent reliance on U:U wobble decoding. This suggests that other aspects of decoding may also be divergent in this fission yeast. As such, it may be interesting to examine the exact modification profiles on some of its tRNAs and/or if there is any divergence in its 18S rRNA sequence in the vicinity of the decoding center. In any case, the apparent reliance of Sz. japonicus on U:U wobble pairs suggests this yeast as a possible source of new insights into how eukaryotes deal with wobble decoding.
MATERIALS AND METHODS
Estimation of tgCNV in different strains of S. pombe yFS101 representing wild-type (h-972) Sz. pombe was kindly provided by Nick Rhind, who obtained it from Paul Russell's laboratory, who in turn brought it from Paul Nurse's laboratory (N Rhind, pers. comm.) . This strain is also known as ATCC 24843, deposited by A.M. Ali, who obtained it from U. Leupold. Our laboratory strain yAS99 was derived in 1996 after crossing sp1190 (Connolly and Beach 1994) (a.k.a., yAS50 and ATCC 96082: hS-, ade6-704, leu1-32, ura4D ) with spDJV1 (diploid; h À /h + , leu1-32, ade6-M216/ade6-M210, ura4-D18/ura+, sla1+/sla1-D) (Van Horn et al. 1997) , which was derived from spB67 (McLeod et al. 2000) . Genomic DNA was prepared in parallel from various Sz. pombe laboratory strains including yFS101. Paired-end, multiplexed sequencing was performed by Illumina HiSeq at the NIH Intramural Sequencing Center (NISC); for each data set, paired ends were pooled and aligned independently to the pombe reference genome used for tRNA gene prediction. Normalizing for total average read-depth (consistently about 200 for each data set; data not shown), the read coverage at each predicted tRNA gene was compared for each data set against that determined for either yFS101 or yAS99 (Fig. 1A,B) .
For Figure 1C , read-depth was combined for each tRNA-anticodon to correct for random distribution of read mapping among multiple identical tRNA sequences (see text). Simply, average read-depth was summed across each tRNA-anticodon family and divided by average mapped read-depth to approximate the number of genomic copies present for a given anticodon. For each anticodon, the copy number for strain FS101 was subtracted from each other strain to yield copy number change for each tRNA-anticodon family. The average difference and standard deviation among strains were plotted.
Determination of codon use and tRNA gene copy numbers
Assemblies of all available Schizosaccharomyces genomes were obtained from the Broad Institute (C Nusbaum, pers. comm.), and genomic sequence for S. cerevisiae was obtained from GenBank. From primary sequence, tRNA genes were predicted blindly using tRNAscan-SE (Lowe and Eddy 1997) . From predicted genes, gene counts per iso-acceptor were tabulated, and the genomic sequence corresponding to each was obtained.
The total protein gene content of each strain was obtained from previous predictions (Rhind et al. 2011; C Nusbaum, pers. comm.) . For each gene, the occurrence of each codon was counted, excluding stop and initiator methionine codons. To limit bias in overall genome averages due to potential functional enrichment of codons, on a per-codon basis, statistical outlier genes (>3 standard deviations in usage from the mean) were removed from consideration through successive rounds of minimization until no further change was observed. Initiator methionine and stop codons were not considered and were removed from the functional size of the gene. Additionally, only genes that use the codon were considered in tabulating usage rates.
Correlation of tRNA gene copy number and codon usage rates
Pearson correlation coefficients were calculated evaluating codon usage rate as a function of tRNA gene copy number both with and without wobble rules for S. cerevisiae. Calculations were performed using the total proteome or subsets as noted. tRNA gene counts and usage rates were either pooled among all synonymous codons or within subsets using wobble rules previously determined (Johansson et al. 2008) where noted. Conservation of the distribution of tRNA gene counts among iso-acceptors was evaluated by calculating Pearson correlation coefficients comparing the number of tRNA genes per iso-acceptor across species.
Phylogenetic tree constructions
The 18S rRNA sequence from pombe was used to identify corresponding rRNA sequence from full genomic sequences of the other Schizos using BLAST. Genes were aligned using CLUSTAL and submitted to PHYLIP for calculation of a distance matrix and tree drawing. In parallel, correlation values calculated from tRNA gene content were transformed directly into a distance matrix for tree drawing through PHYLIP by taking (1 À r) (Felsenstein 1989 (Felsenstein , 1997 .
Evaluation of tRNA promoter sequences
Flanking sequence for each predicted tRNA gene was compiled and evaluated for the presence of promoter elements. For each species, 100 bases of upstream sequence for each tRNA gene, normalized to the first nucleotide of the mature tRNA, were aligned. The A-and B-box elements within the tRNA sequence were additionally aligned. Sequence logos were generated from each alignment using web logo software (Crooks et al. 2004 ). The S. cerevisiae A-box and B-box were again determined using MEME software (Bailey et al. 2009 ) and used in a MAST search of Sz. japonicus to evaluate their composition relative to cerevisiae through the reported p-score of hits.
Evaluation of oligo(dT) terminator lengths
Using the predicted tRNA genes of each yeast genome and also for the human genome, 100 bases downstream from the defined ends of tRNA sequence were clipped from the genomic DNA for each gene. These downstream sequences were evaluated for the first encountered stretch of four or more consecutive T's. Those lacking a 4T or more sequence in that stretch were reevaluated for an occurrence of 3Ts. Counts for each primary terminator length were tabulated for each strain.
Derivation of japonicus-specific, Sj wobble rules
The initial wobble rules used here (Fig. 3) for codon:tRNA gene correlation allow certain tRNAs to wobble to some but not to other codons in their box according to Johansson et al. (2008) . Since the absence of tRNA Ala AGC accompanied by amplification of tRNA Ala UGC led to the worsening of codon:tRNA gene correlation in japonicus using the initial cerevisiae wobble rules, we examined Table 2 for other tRNAs that are significantly imbalanced in their iso-acceptor ratios in japonicus relative to the other Schizos. This identified tRNA Ser TGA, tRNA Ala TGC, tRNA Gly TCC, and tRNA Val TAC. We modified these rules by permitting each of the four japonicus tRNAs (SerTGA, AlaTGC, GlyTCC, ValTAC) to donate to the codons in their box without limiting them to only a subset of codons. No wobbles observed in cerevisiae were disallowed by the Sj wobble rules.
